. Angular positions and fields of view of the 6 upward and downward looking bugeye detectors. Table 2 . Optical and electrical characteristics of 10 the SGD-lOOA photodiode. Table 3 . Stability analysis for the instrument as 20 a function of the number of basis functions used in the data fit. The hypothetical radiance field is given by R(z,A) = cos(z) with a 5% uniformly distributed random error superimposed on the test radiance field at the angular positions of the detecrors. An error analysis is also given for point P not seen by any detector where P = (z,A) (72°, 45°). The analysis is an average for 10 different random error sequences. Table 4 . Stability analysis for the inversion of 24 Eq. (6) as a function of the half angle of the field of view of the detector. The hypothetical radiance field is given by R(z,A) = cos(z) with a 5% uniformly distributed random er~or superimposed on E i •
The approximation E is made using five basis functions and the values given are an average for 10 different random error sequences. Table 6 . Stability and error analysis for the direct-30 diffuse problem as a function of solar zenith angle, using thirteen detectors with identical fields of view. Table 7 . Stability and error analysis for the direct-33 diffuse problem as a function of solar zenith angle using thirteen detectors with equal fields of view plus a detector with a 2~ steradian field of view. of reflected fluxes on a regional scale may be best accomplished by using a scanning radiometer in conjunction with a bidirectional reflectance model to infer the upwelling flux. It has been observed that many commonly occurring reflectance patterns are highly anisotropic; see for example: Brennan and Bandeen (1970) , Ruff et al. (1968) and Salomonson (1968) . These observations have been carried out for specific targets (stratus clouds, ocean, desert, etc.) and, therefore, it is difficult to apply the resulting models to more generalized atmospheric scenes such as broken cloud over ocean, desert under a dust aerosol, towering cumulus over stratocumulus etc. In view of the above, further efforts in bidirectional reflectance modelling are highly desirable.
With the same goals in mind, modellers of radiative transfer in the atmosphere have developed techniques for estimating reflected flux in more realistic atmospheres including the effects of aerosols, finite clouds and clouds with a nonhomogeneous microstructure. However, little experimental evidence exists which could test the validity of the various efforts. Of all the radiative properties which could be used to verify the model, one of the most difficult and thus, one which would provide the best information is the angular distribution of the radiance field within the cloud.
Scanning radiometers aboard aircraft have been used in previous efforts to obtain this type of experimental evidence.
Although there are certain advantages in using the scanning radiometer, rather complicated flight patterns are required to sample the radiance field. These patterns take a rather large distance and long time interval to accomplish. This requirement is a hindrance in observing reflected fluxes over fairly large areas but may prohibit in-cloud observations altogether (especially in attempting to confirm angular radiance patterns in finite clouds).
This report describes an instrument designed to circumvent the sampling problem imposed by the scanning radiometer. It The bugeye instrument consists of an hemispherical array of thirteen silicon photodiodes and associated electrical circuitry mounted in an aluminum housing. Figure 1 gives the overall dimensions of the instrument and Table 1 gives the angular positions and the fields of view of the detectors for both configurations. The instruments will be referred to as upward looking and downward looking according to their placement on an aircraft. As indicated in Table 1 , the primary differences between the two instruments are the positions of the individual detectors and their full angle fields of view.
The different fields of view of the detectors required some minor differences in the electrical circuitry of the instruments which will be described in the next section. The configurations shown in Table 1 were "first guess" selections based on the radiance field to be viewed by each instrument and the nature of the data product desired. Improvements to the initial configurations are discussed in the section on data ?<?"'>.
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-»-» The cylindrical midsection of the housing is separable from the base plate and from the diode array to allow access to the diodes and the circuit boards which are housed within.
Also shown in Figure 1 is a knurled knob near the base of the bugeye. A cloth sack filled with desiccant was attached to the interior end of the knob to protect the electrical circuitry from condensation. The silicon photodiodes were mounted in sockets which were press-fitted into the aluminum housing.
All other electrical components were mounted on two circular printed-circuit boards spaced about I" apart within the cylindrical housing. All external electrical connections were made via a nineteen pin connector mounted in the center of the base plate.
B. Optical and Electrical Characteristics
Other than the field of view of the individual detectors which was discussed previously, the basic optical characteristics
:2 0
Cl. Table 2 and are quoted directly from the manufacturer's specification sheet. The spectral response is shown in Figure 3 .
The photodiodes are operated in the photo conductive mode in order to utilize the wide range linear response of the diode.
The output current of the device is between 0 and 1 milliampere.
This output current was converted to a 0 -10 volt signal by using a simple operational amplifier (Op-Amp) circuit shown in Figure 4 that the dualanode of the diode is negatively biased and this connection is made through the diode can. As a result it was necessary to electrically isolate the diode can from the bugeye housing which allowed the bugeye housing to be maintained at the potential of the aircraft fra.me. Phenolic insulators were used for this purpose. The electrical connection to the bugeye was supplied through a Cannon nineteen pin connector. Table 2 . Optical and electrical characteristics of the SGD-lOOA photodiode.
. k E, the value of k for a given detector being temperature dependent.
Since the bugeye is intended to give the relative angular characteristics of the target radiance field (the true magnitude being provided by a scaling of the integrated radiance pattern to the irradiance of the target as measured by the hemispheric radiometer), we only require that k vary with temperature in the same manner for each detector. This behavior has not yet been verified but is a reasonable assumption based on the nearly identical performance of all the diode circuits during the "shielded" flight mentioned above.
The relative values of k in Eq.
(1) for each detector may be obtained from the results of the calibration described above.
Yet to be specified, however, is the absolute magnitude of k Let R(P) denote the intensity of the radiance field at P and let ~ be the angle between the unit normal vector N and the unit vector P. Then the contribution to the irradiance measured by the detector due to dw is given by
Integration over n(N) , the region viewed by the detector, .., yields the expression
n (N) for the total irradiance incident upon the detector. Notice that as one restricts the field of view about the normal N, the angle S becomes small and the quantity (P • N) approaches unity so that
That is, for small fields of view the measured irradiance E(N)
is proportional to the R(~), the intensity of the radiance field normal to the plane of the detector. Let us consider two cases: the data fitting problem associated with small fields of view and the inversion of the integral Eq. (3) for large fields of view.
A. Data Fitting Problem
We will first consider the data fitting problem. Let Ri = R(~i)' i = 1, 2, ••• , 13, represent measurements of the radiance at the normals to each of the thirteen detectors. Suppose that the field of view of the detector is small enough that Eq. (4) is valid. For any position P we seek an estimate of the in--tensity of the radiance field at P of the form (5) where the Wj's are suitable approximating functions and the Cj's are coefficients to be determined. In practice we have chosen spherical harmonics as approximating functions (see Table 3 )~ and calculate the coefficients C l , C2~ ••• , C n minimizing the sum of squares error
Although by choosing n to be 13, one could force the sum of .... squares error to be zero and get agreement between Rand R at the normal positions N., this tends to give a highly unstable, -~ .... oscillatory R which is a very poor estimate of R at positions P for which measurements were not taken. Table 3 
• 226155E+00
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• 292146E+OO Table 3 . Stability analysis for the instrument as a function of the number of basis functions used in the data fit. The hypothetical radiance field is given by R(z,A) cos(z) with a 5% uniformly distributed random error superimposed on the test radiance field at the angular positions of the detectors. An error analysis is also given for point P not seen by any detector where P (z,A) (72°, 45°). The analysis is an average for 10 different random error sequences.
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"'-between Rand R. For this illustration R is the cosine of the "'-zenith angle. One should note that the error between Rand R depends not only on n, but also on the radiance field R. For this reason we have included in our table the condition number (Lawson and Hanson, 1974) of the system given by Eq. (6). The condition number, which is the ratio of the largest eigenvalue to the smallest eigenvalue of a linear system, gives a measure of the stability of Eq. (6) that is independent of the radiance field R. While a large value of n yields an unstable estimate R, too small a choice of n yields a very smooth estimate which may lack the variability needed to fit many radiance fields effectively. On the basis of experimentation we have found that n = 5 is usually adequate.
B. Integral Equation Inversion
"'-Applying Eq. (3) to the estimate R of R given in Eq. (5) yields the expression The stability of the system is very dependent upon the size of the field of view, as is illustrated in Table 4 .
For small fields of view the system (Eq. 8) is almost equivalent to the system (Eq. 6). However, for larger fields of view, the system (Eq. 6) becomes so unstable that even by using fewer than thirteen spherical harmonics one still cannot find an adequate estimate of R(~). In this case we turn to smoothing techniques discussed by Twomey (1977) Table 4 . Stability analysis for the inversion of Eq. (6) As the size of the field of view of a detector increases, the detector gathers more information about the radiance field.
However, one must then use more sophisticated and expensive techniques to calculate an estimate of the radiance field.
These considerations will be discussed later in more detail.
One example of the type of information which may be obtained from the bugeye instrument is the radiance pattern emanating from an ocean surface under clear sky conditions. The values given in Table 5 .
-29-where Hij is defined as in Eq. (7). As before the n+l coefficients ~ , C l , ••• , C can be determined from the thirteen bugo n eye detector measurements by minimizing the sum of squares error 13
Assuming that the coefficients minimizing Eq. (12) can be found, A A r gives an estimate of the direct solar intensity r . Table 6 o 0 gives an example of solving the direct-diffuse problem· with simulated data in which the direct and diffuse components remain constant, but the solar zenith angle is allowed to vary.
In Figure 7 the percentage error in the direct component is plotted against a, the ratio of the direct to the total irradiance. Figure 7 shows that whenever the direct component is greater than or equal to 2/10 of the total irradiance the percent error in the inferred direct component is less than 5%
for solar zenith angles between 0° and 60°. • 169719E+03
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Half-angle of field of view for each bugeye detector = 25.0 degrees If the goal of the experiment is to acquire data relevant to the angular variability of the incident or reflecged shortwave radiance field, the spectral response of the sensor should be uniform across the .3 to 3 ~m region of the solar spectrum.
It is obvious from Figure 3 that the photodiode presently employed does not meet this requirement. Since solid state devices in general cannot respond in the required manner, perhaps the next best solution is to utilize a photodiode with uniform spectral response in the visible wavelength.
As mentioned previously, calibration of a multidetector instrument is not a simple matter due to the possibility of variation in source intensity while moving the calibrator from detector to detector and inconsistencies in positioning the calibration device with respect to the detectors. An ideal solution would be construction of an integrating sphere which could be used to calibrate all of the detectors simultaneously and whose orientation with respect to the entire instrument could be more surely fixed.
It was pointed out previously that the choice of the size of the field of view of the detectors depends on two conflicting considerations. The smalle~ the field of view, the easier it is to estimate the radiance field based on detector measurements. On the other hand, the larger the field of view, the more information one gathers about the radiance field. To accommodate both considerations, one must in some sense "spread"
the detectors evenly about the hemisphere to reduce the amount that different fields of view overlap. Based upon the results shown in Table 7 where the condition number does not deteriorate substantially until the field of view exceeds 60°, and the requirements that we sample as much of a 2TI steradian field with thirteen detectors as possible while still minimizing sensor view overlap, we have selected a 50° field of view arranged in the manner shown in Table 8 . This configuration yields satisfactory results for simulated radiance fields and should be adequate for many applications. 
